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Hertfordshire AL5 2JQ, UK
 Soil samples collected from Rothamsted Experimental
Station in southeast England at various times since the
mid-1800s and up to the present have been analyzed re-
cently for polynuclear aromatic hydrocarbons (PAHs). All
the soils were collected from the plough layer (0-23 cm)
of an experimental plot for which atmospheric deposition
will have been the only source of PAH input. The total
PAH burden of the plough layer has increased approxi-
mately 4-fold since the 1880/1890s, with some compounds
(notably, benzo[¿>]fluoranthene, benzo[fe]fluoranthene,
benzo[o]pyrene, benzo[e]pyrene, pyrene, benzo[a]-
anthracene, and indeno[l,2,3-cd]pyrene) showing sub-
stantially greater increases. Average rates of increase for
individual PAHs in the Rothamsted plots over the century
since 1880/1890 are similar to contemporary atmospheric
deposition rates to semirural locations. Regional fallout
of anthropogenically generated PAHs derived from the
combustion of fossil fuels will be the principal source of
PAHs to the Rothamsted soils. It is suggested that the
increases in soil PAHs observed this century at Ro-
thamsted are representative of those likely for agricultural
soils in many industrialized countries or regions.
Introduction
Previous studies have examined the temporal trends in
environmental PAHs, but these have used dated marine
and freshwater sediment cores as the sampling medium,
with the majority of work undertaken in the United States
and mainland Europe (1-11). In general, these studies
f University of Lancaster.
1 Indiana University.
8 Swiss Federal Institute of Technology.
1 Rothamsted Experimental Station.
have found (i) an increasing sediment PAH burden since
the mid-1800s, with a peak in the 1950/1960s, and (ii) a
constant qualitative PAH pattern for most of the locations
studied, with an increase in PAH abundance near urban
centers. These observations, and other studies, have
pointed to anthropogenic combustion of fossil fuels as the
major source of environmental PAHs and to the signifi-
cance of long-range atmospheric processes in dispersing
PAHs through the environment (12, 13).
This paper describes changes in the polynuclear aro-
matic hydrocarbon (PAH) content of soils collected from
the same experimental plot between the mid-1800s and the
present day. All the samples analyzed here originate from
the Broadbalk Experiment, which has been under con-
tinuous arable cultivation since 1843 at the Rothamsted
Experimental Station, a semirural location in southeast
England. The experiment was initiated to measure the
effects of N, P, K, Na, and Mg, applied singly and in
various combinations, on yields of winter wheat. However,
one plot (i.e., the “control”) has not received any additions
of soil fertilizers or amendments. Therefore, by comparing
the chemical composition of archived soils from this plot
with that of recent samples the significance of atmospheric
inputs can be determined. Previous publications have
reported temporal trends in the elemental composition of
this and other soils at Rothamsted, due to both atmos-
pheric and treatment inputs (14-17).
This is the first study to investigate long-term changes
in the atmospheric fallout of PAHs by using archived soils
as the sampling medium. There are several advantages
to this approach as opposed to using sediment cores. First,
the sampling dates are known with certainty and the
samples have been undisturbed since collection and
preparation for storage. Second, the control plots at Ro-
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thamsted will only have received inputs via the atmo-
sphere, whereas the interpretation of some sediment cores
may be confused by additional inputs of runoff from the
surrounding catchment (1, 6, 8,18). Third, the soils will
have received inputs directly from the atmosphere, while
material deposited in sediments may have undergone
chemical/physical changes during passage through the
water column and received additional inputs of biogenic
PAHs (7, 19, 21). Two further differences should be
realized—the potential for direct atmosphere-soil exchange
of PAHs via the vapor phase prior to sampling, and pho-
tolysis of PAHs adsorbed to particulates at the soil surface.
Once in storage, however, photolytic and microbial deg-
radation is likely to have been minimal, as the samples
were kept air-dried in the dark at room temperature in
sealed glass containers.
In addition to using these samples as an historical
monitoring tool, there is another purpose to the investi-
gation of PAHs in soils. Dietary intake has been identified
as the principal route of human exposure to PAHs for
nonsmokers (22), with plant-based foodstuffs constituting
roughly 50% of the total PAH intake in a typical United
Kingdom diet (23). While it is likely that the majority of
PAHs associated with crop plants result from direct at-
mospheric deposition and soil splash onto the leaves and
shoots (24) or are introduced in the preparation and
cooking of foods, uptake of PAHs via the root system has
been reported (25-27). Adsorption of PAHs from the
vapor phase may also be important.
Materials and Methods
Sampling and Sample Storage. Rothamsted (grid
reference TL 120137) is a “semirural" location in western
Europe. It lies 42 km north of central London and within
2 km of the major A5, A6, and Ml trunk roads, although
the surrounding area is primarily agricultural. All the soils
sampled for this study were from the control of “nil
treatment” plot of the Broadbalk Experiment, which has
been under continuous winter wheat since 1843 (28).
These soils are neutral or slightly calcareous silty clay
loams (Batcombe series), containing about 20-30% clay
and 0.9-1.17c C, composed primarily of quartz and calcite
with smaller amounts of illite, kaolinite, chlorite, and
sanidine. All the samples analyzed relate to the 0-23-cm
layer, which is the cultivated plough layer for this arable
experiment.
All soils had been air-dried and ground in the same iron
pestle and mortar after collection and passed through
<2-mm sieves. This procedure is unlikely to contaminate
the soils during processing. The samples were subse-
quently stored in glass jars with cork lids to the present
day in a dark room at ambient temperatures. For this
study samples from the years 1846,1881,1893,1914,1944,
1956,1966, 1980, and 1986 were taken from the archive,
transferred to acetone/hexane-rinsed glass jars sealed with
similarly rinsed aluminum foil, and then ground in an agate
tema mill to produce a fine powder.
Analytical Methods. For comparative purposes, and
to improve the reliability of the data, two different labo-
ratories analyzed samples for PAHs. Both used established
procedures to analyze a selection of the soils. Method I
was a capillary gas chromatography-mass spectrometry
technique and was applied to two separate soil subsamples
(extractions I and II). Method II used a capillary GC
separation and detection by flame ionization. Both
methods were used on the 1846 sample; samples from 1881,
1914,1956, and 1980 were analyzed by method I. Method
II was used for the 1893, 1944, 1966, and 1986 samples.
The compounds analyzed are listed in Table I. All PAHs
measured have previously been identified as combustion-
derived atmospheric particulate components, although
perylene is more commonly considered a natural diagenetic
product in special environmental contexts, i.e., recent
sediments.
Method I. The samples were analyzed by a procedure
similar to that described by Gschwend and Hites (10). Dry
soil (12-16 g) was loaded into solvent-rinsed, glass wool
lined glass thimbles (all glassware used in the procedure
was prerinsed with redistilled solvents—which were also
used throughout the analyses). Prior to extraction, the
soils were spiked with an eight-component mixture of
deuteriated PAHs. The soils were sequentially Soxhlet
extracted, first with 2-propanol for 24 h; then a second
flask containing dichloromethane was switched with the
2-propanol flask and extraction continued for a second 24
h. After being cooled, extracts were reduced with a rotary
evaporator and combined. Combined extracts were de-
sulfured on an activated copper column and then reduced
in volume and charged to a 20-g column of 57c deactivated
silica gel. A 40-mL aliquot of hexane was passed through
the column and discarded. PAHs were then eluted in two
fractions, the first fraction 50 mL of 157c dichloromethane
in hexane, the second fraction 50 mL of pure dichloro-
methane. These two fractions were collected, combined,
reduced, and stored below freezing in amber glass vials
with Teflon-lined caps. Samples were held no longer than
2 weeks prior to analysis.
PAH analysis was performed by selective ion monitoring
with a Hewlett-Packard 5995 GC/MS system. Separation
was achieved with a Hewlett-Packard HP-5 fused silica
capillary column (liquid phase cross-linked 57c phenyl
methyl silicone; column dimensions, 25 m X 0.32 mm i.d.
X 17 am film thickness). Temperature programming used
to achieve separation was 40 °C for 4 min, then temper-
ature increasing at 4 °C min"1, and ending at 280 °C and
holding for 30 min. The mass spectrometer was operated
in the El mode, with selected ion monitoring for expected
PAH and their deuteriated analogues.
PAH concentrations were calculated from measured
amounts of added internal standard deuteriated PAH and
response factors calculated for a wide range of PAH to
deuteriated PAH ratios (100:1 PAH to DPAH to 1:100
PAH to DPAH).
Duplicate analyses of PAHs were performed on two
subsamples. This method has been previously used on
replicate sediment samples, and the 957c confidence limit
for all PAH averages 127o around the mean (29). The
confidence limit is slightly higher for higher molecular
weight compounds (at worst, 307c for benzo[e]pyrene).
This method was also tested by analyzing a United States
National Bureau of Standards (NBS) urban air particulate
reference material (NBS standard reference material no.
1649). Concentrations for phenanthrene, fluoranthene,
pyrene, chrysene, benzo[a]pyrene, and benzojghi]perylene
were within the certified NBS limits.
Method II. Samples were analyzed by a procedure
similar to that described by Giger and Schaffner (30). Dry
soils (26-40 g) were Soxhlet extracted with dichloro-
methane. The extracts were concentrated in a rotary
evaporator at room temperature, after which elemental
sulfur was removed by percolation through a column of
activated copper. This eluate was evaporated, dissolved
in a minimum quantity of benzene/methanol (1:1), and
subjected to gel permeation chromatography (Sephadex
LH-20). The same solvent mixture was used to elute two
50-mL fractions. Another 50 mL was then used to flush
the column before applying the next sample. Both frac-
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Table I, List of Abbreviations Used in Broadbalk PAH
Analyses
abbrev full name
Phenan phenanthrene
Anthrac anthracene
Fluoran fluoranthene
Pyrene pyrene
B[o]anth benzo[a]anthracene
Chrysene chrysene (plus coeluting triphenylene)
B[e]P benzo[e]pyrene
B[o]P benzo[o]pyrene
Pery peryiene
Anthan anthanthrene
Bb«]Py benzo[ghi]perylene
B[6]Fln benzo [6] fluoranthene
B[fe]Fln benzo[fc] fluoranthene
Napth naphthalene
Acenapthyl acenaphthylene
Acenapth acenaphthene
Fluor fluorene
Dibenzo dibenzothiophene
4tf-Cyclo 4H-cyclopenta[de/]phenanthrene
Indeno indeno[l,2,3-cd]pyrene
Coro coronene
B.fln benzfluoranthenes
tions were cautiously evaporated to dryness (rotary evap-
orator, reduced pressure, ~30 °C), taken up in 1 mL of
n-pentane, and applied to silica gel columns. A 25-mL
volume of pentane and 25 mL of dichloromethane yielded
two eluates of low and medium polarity, respectively, the
latter containing the PAH fraction. For GC analyses, the
samples were concentrated at room temperature in a
stream of nitrogen to volumes of 0.1-0.2 mL. The internal
standard (1-chlorotetradecane) was added as a hexane
solution yielding a concentration of 1-10 gg of internal
standard per sample.
Gas chromatography was performed on a Carlo Erba
apparatus (Model 2101 AC) with a flame-ionization de-
tector. A 20 m X 0.3 mm glass capillary column with an
SE-52 stationary phase was used for the separations.
Aliquot samples of 1-2 #tL Were injected without stream
splitting. The injector temperature was held at 270 °C.
Hydrogen was used for carrier gas. The GC procedures
Year of Soil Sample Collection
Figure 1. Temporal trends in soil plough layer PAH content at Bro-
adbalk, Rothamsted. Two methods of analysis were used. Each data
set normalized against the most recent sample analyzed In each batch.
¿PAHs (1) from Table III are plotted.
followed those described by Grob and Grub (31). Elec-
tronic integration of the gas chromatographic peak areas
was performed by a digital integrator (Minigrator, Spec-
tra-Physics). A Finnigan GC/MS system (Model 1015D)
combined with an on-line computer (Model 6000) was used
for mass spectrometric identification and mass chroma-
tography.
Results and Discussion
Comments on the Comparability of Data between
Methods. The compounds analyzed by methods I and II
(or both) aré detailed in Table I. Data for all the soils
analyzed by both procedures are given in Table II. The
data are presented to show all the compounds analyzed
by both techniques and the “total PAH” content of each
soil. This allows a direct comparison between both data
sets. Both methods were applied to the 1846 sample and
indicate good general agreement between the procedures.
Although the absolute values for individual PAHs differed,
the temporal trends for the five samples analyzed by
method I and the five analyzed by method II show ex-
cellent agreement. This is most clearly illustrated in Figure
1, where both data sets for £PAHs have been normalized
Table II. Summary of Broadbalk PAH Values (ng g'1 Dry Weight)
18460’6 1881a 1893* 1914° 19446 1956a 19664 1980a 19866
Phenan 46 68 45 89 110 120 160 140 48
Anthrac 4.5 13 9 4 10 9 13 11
Fluoran 39 45 43 37 120 190 120 210 120
Pyrene 19 14 7 11 50 120 75 150 99
B[o]anth 22 9.4 3 5.9 25 69 26 110 56
Chrysene 24 16 11 18 50 87 41 120 78
B[e]P 24 13 7 11 35 65 27 130 53
B[o]P 18 6.7 12 23 73 28 120 72
Pery 2.2 0.86 <3 15 9 18 14
Anthan 1.2 0.12 1.2 2.9
B[ghi]Py 22 8.3 6.1 55 66
B[6]Fln 18 12 9 86 35 76 30 220 58
B[fe]Fln 17 8.4 9 6.2 35 73 30 250 58
Napth 39 38 53 28 23
Acenapthyl 1.6 0.73 3.4 5.0
Acenapth 2.0 0.9 2.0 4.2 6.0
Fluor 0.78 3.7 9.7
Dibenzo 6.2 6.8 6.6 11 32
4/f-Cyclo 14 19 4.9 15 22
Indeno 23 14 5 12 31 92 29 100 63
Coro 7.1 5.4 3 5.4 9 18 9 22 17
total 350 300 150 370 530 1130 590 1770 750
normalized total 350 300 (350) 370 (1250) 1130 (1390) 1770 (1770)
“ Measured in duplicate by method I. 6 Measured by method II.
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(Table II) with respect to the most recent sample analyzed
by each method (i.e., method I, 1980; method II, 1986).
Absolute values and trends for individual PAHs can also
be compared in Table II. Both methods give similar
concentration rankings for the compounds analyzed. For
example, in the 1846 sample phenanthrene, fluoranthene,
and benzofluoranthenes are the most abundant. For the
later (1980,1986) samples, of the compounds analyzed by
both methods, the trends were as follows.
Method I: B[b]fln Fluoran B[e]P B[o]P Pyrene
Chrysene Phenan B[a]anth Pery Anthrac.
Method II: Fluoran B.Fln Pyrene Chrysene B[a]P
B[a]anth B[e]P Phenan Pery Anthrac.
Temporal Trends in Soil PAH. The soil plough layer
PAH burden at Broadbalk has increased roughly 4-5-fold
between 1880 and 1890 and the present (Table II, Figure
1). It should be stressed that the Broadbalk control plot
will only have received PAH inputs via the atmosphere
(i.e., not through the deliberate or accidental addition of
amendments to the soil) and that the plot is not near to
a local point source of PAHs. In fact, Rothamsted is sit-
uated in a semirural location surrounded by agricultural
land, but with the small town of Harpenden ~2 km away
and industrial conurbations approximately 40 km to the
south (London) and 100 km to the north (Birmingham).
Winds are predominantly from the southwest.
Samples collected prior to 1865 at Rothamsted were not
processed and stored in the same way as those taken
subsequently; pre-1865 samples were not air-dried and
sieved, thereby allowing microbial activity to continue
during sample storage. Consequently, samples taken
earlier than this date have often yielded anomalous results
in previous studies on the macronutrient (principally N)
content of the Broadbalk soils (32), despite the pre-1865
samples being reprocessed (i.e., dried and sieved) in the
late 1860s. Our data also yield rather surprising results
for the 1846 sample, in that its total PAH content is higher
than that measured in later samples from 1881 and 1893.
On the basis of the evidence of dated lake sediment cores
collected in mainland Europe and the United States, (3,
9) one would expect an increase in the atmospheric de-
position of PAHs through the late 1800s, following in-
creases in the level of industrialization and therefore in
anthropogenically derived combustion products emitted
to the atmosphere. For the remainder of this discussion
we will therefore treat the 1846 data as anomalous and
consider the trends revealed in the century since the
1880/1890s.
The total PAH data (Figure 1) indicate a continued
steady increase in the soil plough layer PAH burden at
Broadbalk, with a slight reduction in the rate of increase
suggested by the values from method II between 1966 and
1986. This is of interest, in that the marked post-1950s’
decreases in the deposition flux of PAHs to both lacustrine
and marine sediments that have been observed in North
America (9, 10) and mainland Europe (1, 2) are not ob-
served in this soil time series. However, without corrob-
orating evidence, this should not be interpreted as indi-
cative of a significantly different atmospheric PAH history
for the United Kingdom. This is especially true when the
variability in PAH deposition and other uncertainties are
considered.
Other studies have pointed to anthropogenic combustion
of fossil fuels as the major source of environmental PAHs
and to the significance of long-range processes in dispersing
PAHs through the environment (12,13). It is therefore
of interest to compare the rate of increase in soil PAHs
at Rothamsted since 1880/1890 with the known history
Year
Figure 2. United Kingdom coal consumption between the mid-1800s
and the present day. Also shown are the percentage of total con-
sumption used domestically (A) and for electricity generation (O).
Figure 3. United Kingdom gas and petroleum consumption since the
early to mld-1900s to the present day.
of fossil fuel consumption in the United Kingdom. Figure
2 shows United Kingdom coal consumption between the
mid-1800s and the present with data collated from several
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of
total
consumption
Table III. Calculated Fluxes of PAHs to Broadbalk Soils. • BlklFIn
Data between 1881 and 1980 (Method I) I
flux rate, flux rate, | - • Anthan
compd mg m"2 year"1 compd mg m~2 year"1 8 g 20 J  p*,y
Phenan 0.20 B[b]Fln 0.67 s s • BiblFin
Anthrac 0 B[fc]Fln 0.68
* BlalP
Fluoran 0.46 Napth 1
Pyrene 0.40 Acenapthyl 0.12
“
• B(a)anth
B[o]anth 0.29 Acenapth 0.01 i
10 .
.Pyrin*
Chrysene 0.30 Fluor I • B(e)P
B[e]P 0.38 Dibenzo 0.07 1 Acenapthyl »Chry * 8(ghl)Py
B[o]P 0.36 4/f-Cyclo 0.01
°
’Acenapth -Co,0
Pery 0.05 Indeno 0.25 • Fluor
Anthan 0.10 Coro 0.05 - • Phenan
B[ghi]py 0.16 Total PAH flux 4.56
• Napth
* Anthrac
30 150 200 250 300
Molecular weight
Table IV. General Classification of 1980-1986:1880-1890 F¡9ur®
Concentration factor versus molecular weight for the Bro-
Ratios for Individual PAH Compounds in Broadbalk Soils adbalk PAH data.
ratio compd
>15 B[6]fln, B[fe]fln, B[a]P
10-15 Pyrene, B[a]anth, B[e]P, Indeno
5-10 Chrysene, B[gh¿]py, Acenapthyl, Acenapth
<5 Phenan, Anthrac, Fluoran, Napth, Dibenzo, AfiT-Cyclo,
Coro
sources (33-35) and distinguishes between the percentage
of total consumption used domestically (i.e., many small
PAH sources) and for electricity generation (few large-scale
PAH emissions). Figure 3 presents data on the con-
sumption of petrol and gas (36).
Data from Table II have been used to calculate annual
rates of increase in soil PAHs at Broadbalk. The plough
layer at Broadbalk contains 2870 t of soil ha"1, so the
changes in soil PAH concentration with time can readily
be converted to a flux (mg of PAH m-2 year"1). The data
are presented in Table III and are the average rates of
change over the hundred or so years since 1880/1890. It
should be noted, however, that deposition fluxes to the soil
are likely to have altered during this time. Fluxes for
individual PAH compounds vary between 0.01 and 0.67
(mean 0.21) mg m~2 year"1, the most abundant of which
are benzo[5]fluoranthene, benzo[&]fluoranthene, fluoran-
thene, pyrene, benzo[e]pyrene, benzo[o]pyrene, benzo-
[ajanthracene, and phenanthrene. These fluxes are within
the range observed in lacustrine sediments from rural
United States sites (29, 37).
Losses of PAHs from the soil system are possible
through microbial breakdown, photooxidation, volatiliza-
tion, crop offtake, and leaching. The rates of increase in
soil PAH at Broadbalk are therefore not necessarily
equivalent to deposition fluxes to the soil. However, it is
worth comparing the rates of increase with deposition flux
data reported for other locations. Remote sites in the
United States consistently have present-day deposition
rates for individual PAHs of ~0.1 mg m"2 year"1; sites
located nearer to urban centers have much greater current
inputs (average of 0.35 mg m"2 year"1) (10). This further
suggests that Rothamsted now receives substantial inputs
of anthropogenically derived £PAHs as fallout from the
increased number of urban/ industrial conurbations that
have started or been expanded since the 1950s. This may
explain the continued, post-1950s’ increase in soil PAH
shown in Figure 1. Another possible source of PAHs to
Rothamsted soils is localized fallout from stubble burning,
a practice that is commonly adopted in the United King-
dom, but not on the Station’s experimental plots. The
importance of PAH inputs to soils from this source is
unknown (38).
Table V. Selected PAH Ratios for the Broadbalk Soils
soil Phenan/ Fluoran/ B[a]anth/ B[e]P/
sample year Anthrac Pyrene
(a) Method I
Chrysene B[a]P
1846 15 1.5 1.0 1.5
1881 5.3 3.1 0.60 1.9
1914 NA 3.4 0.33 0.61
1956 12 1.5 0.79 0.88
1980 11 1.3
(b) Method II
0.93 1.1
1846 5 3.9 0.68 1.2
1893 5 6.1 0.27 NA
1944 27 2.4 0.5 1.5
1966 18 1.6 0.63 0.96
1986 4.4 1.2 0.72 0.74
Trends in Individual PAHs. Although the total PAH
soil plough layer burden has increased approximately 4-
5-fold since 1880/1890, some individual PAH compounds
have shown substantially greater increases (Table IV).
Most notable in this regard are some of the more abundant
PAHs—benzo[ ]fluoranthene, benzo[£]fluoranthene,
benzo[a]pyrene, benzo[e]pyrene, pyrene, and benzol-
anthracene. Others have shown virtually no change with
time. Naphthalene, the compound with the lowest boiling
point, has shown a decline with time; this most probably
reflects losses via the vapor phase during sample processing
and storage. Molecular weight (among other factors) is
important in influencing the size of the soil concentration
increase shown by each PAH compound (i.e., 1980/1986
compound concentration: 1880/1890 compound concen-
tration) (Figure 4). Microbial breakdown and soil reten-
tion of PAHs are both known to depend on the com-
pound’s structure, while volatilization losses will be greater
for low molecular weight compounds (39).
Some workers have suggested that individual PAH
compounds can be used as “indicators” of particular com-
bustion processes or fuels. Coronene emissions are rela-
tively high from vehicle emissions, while benzo [o] pyrene
and benzo[e]pyrene are often associated with coal com-
bustion. Another approach has been to use the ratio of
selected individual PAHs to reflect fractionation between
compounds with relatively similar physical and chemical
properties. This minimizes artificial ratio variations due
to differences between individual analyses, and the data
thus produced have previously been used to distinguish
between routes of PAH transport to sediments, i.e., at-
mospheric or via catchment runoff. Table V presents data
on PAH compound ratios based on the approach of
Gschwend and Hites (10). With the exception of one ratio
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(Table Vb, 1893, fluoranthene to pyrene ratio of 6:1),
fluoranthene to pyrene and benzo[e]pyrene to benzofa]-
pyrene ratios observed in Broadbalk soil samples all fall
within the range observed in lake sediments, remote from
PAH sources (29, 40). Isomer ratios were examined to
minimize differences due to volatility or analytical varia-
tion (10). Elevated phenanthrene to anthracene and
benzo[e]pyrene to benzo[a]pyrene are probably due to the
greater photochemical reactivities of anthracene and
benzo[a]pyrene on air particulates or fly ash (13). All
ratios observed in Broadbalk soils suggest PAH sources
that are dominated by coal combustion (10). It should be
borne in mind, however, that PAH compound ratios can
only be used to give general indications as to the predom-
inance of certain combustion processes. They are probably
insufficiently sensitive to be used to monitor changes in
the types of fossil fuel combustion and usage pattern in
this data set.
Conclusions
The total PAH burden at Broadbalk in 1880/1890 was
similar to that observed in contemporary remote locations
in the United Kingdom (39). Data on the PAH content
of contemporary soils for numerous locations varying be-
tween “remote” and “urban” have been published else-
where (6, 25, 39, 41-44). On this basis, the contemporary
total PAH content at Rothamsted lies well within the
range between the two, indicating the semirural character
of the Broadbalk plot. Other evidence for the applicability
of this description to Rothamsted comes from the esti-
mated PAH deposition fluxes (Table III) compared with
current rates (10) and the calculated deposition fluxes of
Cd at Broadbalk in relation to those reported for the
United Kingdom and Europe as a whole (17). It therefore
seems reasonable to postulate that the increases in plough
layer PAH observed at Rothamsted can be generally ex-
trapolated to many other areas. Indeed, agricultural soils
in many parts of the industrialized world will have been
subject to similar dramatic increases over the last century
(39). Soils nearer to major conurbations may be expected
to contain levels considerably above those at Rothamsted
(39), as will soils near to point sources and those receiving
PAH inputs in other forms (e.g., sewage sludge). Fur-
thermore, atmospheric inputs are likely to remain fixed
in the top few centimeters of undisturbed (i.e., unploughed)
soils (43, 45), as opposed to the situation at Broadbalk
where surface layer increases have been “diluted” through
the 0-23-cm depth.
The rates of PAH input (i.e., atmospheric deposition)
clearly exceed rates of output (microbial breakdown,
photooxidation, vaporization, crop offtake, and leaching)
at Broadbalk. The similarities between the average annual
rates of increase in the soil PAH burden and the likely
average atmospheric deposition flux at Rothamsted suggest
that losses via these five possible mechanisms probably
effectively remove only a relatively small proportion of the
total annual input. This implies long residence times for
PAHs in soils. It would clearly be useful to quantify inputs
to and outputs from experimental plots to obtain data on
present annual net changes in the soil PAH burden,
thereby enabling predictions of future trends to be made.
Biodegradative losses will be particularly important in this
regard.
Intake of plant-based foodstuffs constitute a substantial
proportion of ingested PAHs in the human diet. It is
therefore also of importance to establish the significance
of increases in soil PAHs on the composition of major
foodstuffs. In this connection we will subsequently be
presenting data on PAHs in grain samples harvested over
the last century from the Broadbalk plots (46).
Registry No. Phenanthrene, 85-01-8; anthracene, 120-12-7;
fluoranthene, 206-44-0; pyrene, 129-00-0; benzo[o]anthracene,
56-55-3; chrysene, 218-01-9; triphenylene, 217-59-4; benzo[e]-
pyrene, 192-97-2; benzo[a]pyrene, 50-32-8; perylene, 198-55-0;
anthanthrene, 191-26-4; benzo [ghi] perylene, 191-24-2; benzo-
[6]fluoranthene, 205-99-2; benzo[fe]fluoranthene, 207-08-9;
naphthalene, 91-20-3; acenaphthylene, 208-96-8; acenaphthene,
83-32-9; fluorene, 86-73-7; dibenzothiophene, 132-65-0; 4H-
cyclopenta[de/]phenanthrene, 203-64-5; indeno[l,2,3-cd]pyrene,
193-39-5; coronene, 191-07-1.
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Evaporation Times and Rates of Specific Hydrocarbons in Oil Spills
Warren Stiver, Wan Ylng Shlu, and Donald Mackay*
Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario M5S 1A4, Canada
 A theoretical treatment is presented for the evaporation
rate of specific hydrocarbons from crude oil spills. The
fraction remaining of a specific hydrocarbon at any given
evaporative exposure (directly related to time) can be
calculated from the hydrocarbon’s vapor pressure. Ex-
perimental data from four crude oils support the theory
and define the one unknown parameter. In addition, a
technique is developed to predict fresh oil composition
based on a weathered oil’s composition and the weathered
oil’s initial boiling point. The initial boiling point is used
to calculate the exposure to which the oil has been sub-
jected based on a correlation developed from nine crude
oils. This exposure is then used to predict the fraction
remaining of each component that in combination with the
weathered oil’s composition can be used to deduce the
fresh oil’s composition.
Introduction
\
When crude oil or a petroleum product is spilled it be-
tiomes subject to a number of transport and transformation
processes collectively termed weathering. The dominant
initial process is usually evaporation with other processes
such as dissolution into water, permeation into soil, pho-
tolysis, oxidation, and biodegradation becoming significant
later as reviewed by NAS (1), McAuliffe (2), Lee (3), and
Stiver and Mackay (4). Oils are usually complex mixtures
of hydrocarbons; however, normally only the more volatile
or structurally simple compounds are fully characterized.
Analysis usually focuses on the normal alkanes, the simple
monoaromatics, the polynuclear aromatic hydrocarbons,
and certain terpenes. As the oil weathers its composition
changes as hydrocarbons are lost, each at a rate specific
to its physical, chemical, and reaction properties. In
principle, if the composition of an oil is known, it should
be possible to predict future oil composition as a function
of time. Such a predictive capability could also be used
to calculate the composition of the original unweathered
oil from a knowledge of the composition of a weathered
sample.
There are two primary incentives for developing such
a composition prediction tool. First, in assessing the
toxicology of oil spills it is useful to know the residence
time of specific hydrocarbons such as benzene or naph-
thalene. In bioassays aimed at obtaining toxicity infor-
mation relevant to environmental conditions, it is impor-
tant that the exposures (in terms of concentration and
time) be realistic. There is little merit in studying the
toxicity of a hydrocarbon such as benzene over 96 h in the
laboratory if its residence time in an oil slick is only 1 h.
Second, there is the forensic incentive to demonstrate
that a sample of spilled oil originated from a particular
source or cargo. Considerable effort has been devoted to
devising methods of identifing such samples by gas and
liquid chromatography, spectroscopy, and metal and sulfur
analyses, a comprehensive review having been given by
Bentz (5). Complicating the forensic process is the al-
teration in composition due to weathering. Currently,
methods are used in which the source and sample oil are
analyzed for parameters (such as metal content) that are
subject to minimal change on weathering. The capability
of calculating the compositional change during weathering
would provide an additional link between the sample and
the alleged source.
In this work two issues are addressed. The first is the
calculation of the residence time of specific hydrocarbons
in oil slicks or pools that are subject to loss by evaporation.
The second is to establish the exposure to which a sample
of weathered oil has been subjected. The specific hydro-
carbon residence time issue has been previously addressed
by several workers. Regnier and Scott (6) evaporated
samples of a No. 2 fuel oil in Petri dishes under wind
speeds of 21 km/h. Residual samples were analyzed by
capillary column gas chromatography, and the percent
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